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Introduction 25
Over the last decades，external bonding of fibre-reinforced polymer (EB-FRP) to reinforced concrete (RC) 26 members has been widely used in the rehabilitation practice of deficient concrete structures. Experiments have 27 comprehensively shown this strengthening method to be an effective and convenient way to improve static and 28 fatigue performance of RC structures under service loads, and to increase their ultimate strength [1] [2] [3] . This 29 rehabilitation method has attracted researchers' interest worldwide because of its superior advantage in 30 resistance to corrosion, increased durability, flexibility and a high stiffness-to-weight ratio compared to using 31 steel plates. 32 Zhang, D., Shi, H., Zhu, J., Su, M. & Jin, W. L., (2018), "Cover separation of CFRP strengthened beam-type cantilevers with steel bolt anchorage", Engineering Structures. 156: 224-234.
Despite promising developments in the implementation of FRP for the repair and retrofit of RC structures, 33 previous literature has shown that the application of FRP composites can lead to brittle failure when the FRP 34 composite debonds before reaching design strength [4] [5] . The bond deterioration caused by the single or coupled 35 impact of environment (moisture, temperature, chloride ions, etc.), load (sustained load, fatigue, etc.) and the 36 existence of defects at the FRP/concrete interface even made the problem more critical [6] [7] [8] [9] . Among premature 37 debonding failure modes, concrete cover separation failure is often observed. This failure mode initiates at the 38 critical plate end then propagates along the level of substrate tension reinforcement toward the beam's mid-span 39 [10] [11] [12] [13] . Three general topics are used to explain the concrete cover separation of a strengthened beam [14] : (1) 40 the derivation of elastic stress concentration at the FRP end, (2) the strengthened beams' shear capacity and (3) 41 the concrete tooth model, which was firstly proposed by Raoof and Hassanen [15, 16] and the concrete cover 42 separation was regarded as the failure of a cantilever formed between two adjacent cracks. 43
Standards and design guidelines impose limits on the maximum strain level of the composite material that 44 may be utilized in design in order to prevent this type of failure [17] . Sallam et al. [18] proved that concrete 45 cover replacement technique, which replaced the concrete cover with grout layer before strengthening, can 46 efficiently prevent the concrete cover separation. Existing studies on steel plate or FRP laminate strengthening 47 have shown that the application of anchoring systems is also an effective way to mitigate and suppress 48 debonding failures to enhance the efficiency of utilization of the FRP material. To date, various anchorage 49 measures have been investigated including [17] : (1) Mechanically fastened metallic anchors [19] [20] [21] [22] , (2) U-50 jacket anchors [23] [24] [25] [26] and (3) FRP anchors [27] [28] [29] [30] . Metallic anchorages with a steel bolt anchorage system 51 were one of the first types of FRP end anchorage devices investigated [31] . Researchers such as Garden and 52
Hollaway [19] , Duthinh and Starnes [21] and Maaddawy and Soudki [32] have discovered that the use of 53 metallic anchorages provides a significant increase in anchorage strength, as well as ductility enhancement. 54
Although FRP anchor has its advantage over conventional steel anchor especially due to its high corrosion 55 resistance, steel anchor still shows its practical importance in easy and well developed installation technique, 56 relative lower cost and induce of compressive stress acting on the interface to enhance the bond strength of 57 FRP/concrete interface by tightening steel nut with torque wrench [18] . Stainless steel anchor is also one of 58 options for corrosive environment. 59
Steel bolt anchorage combined with EB-FRP is also called a hybrid-bonding FRP system (HB-FRP) in 60 some literature [32] [33] [34] [35] [36] . Wu and Huang [33] installed steel nails as anchorage along the bonded FRP strip's 61 length to produce greater resistance to the separation of the FRP strip from the concrete substrate. Results 62
showed that the interfacial bonding strength in HB-FRP strengthened members was 7.5 times of the bonding 63 strength in EB-FRP strengthened members. Zhang et al. [35] bonded FRP (IHB-FRP) technique by applying a given pre-tightening force to the steel bolts, and found a more 67 uniform strain distribution in the FRP strip in specimens with anchorage. 68
Despite extensive research efforts to study the effectiveness of steel bolt anchorage systems and to develop 69 pre-stressed anchorage systems [36] and a bonding strength model [37] , the study results are still far away from 70 practical use. Parameters such as the location, the height and the spacing of steel bolts in the previous 71 experiments were random, and didn't have a unified design code. Most of the previous studies focused on the 72 effect of the anchorage system on the interfacial delamination of the FRP-concrete interface, through either bond 73 shear testing with a given bond length or member testing with various anchorage arrangements [38] [39] [40] [41] . There is 74 still a lack of specially designed testing to clarify the mechanism of concrete cover separation and the anchorage 75 system. In most of the available experiments in which concrete cover separation was observed, the location of 76 cracks that formed the concrete teeth was not pre-determined. Thus the effect of the geometry of the concrete 77 teeth and location of anchorages remained unclear, and the measurement of FRP strain exactly at the cracked 78 section was difficult. In fact, FRP design guidelines stipulate that the practical implementation of anchorage 79 devices should be substantiated by representative experimental testing (ACI 2008) [42] . Therefore, further 80 efforts are necessary to reach a thorough understanding of the effect of anchorage systems, from which a reliable 81 design could be proposed. 82
The authors are conducting a series of studies aiming at the development of an analytical approach for 83 flexural strengthening of an existing structure with external FRP composites with various anchorage systems. 84
The present work concentrates specifically on the use of a steel bolt anchorage system and its influence on the 85 concrete cover separation of CFRP-strengthened specimens. Beam-type cantilever tests were designed with pre-86 determined geometry of concrete teeth (cantilever) and the location of anchorage system. Thus the measurement 87 of FRP strain exactly at the cracked section through the read of strain gages became possible, making the 88 verification of the strength model easier and more reliable. The behaviors of CFRP strengthened specimens with 89 and without bolted anchorage are experimentally and analytically investigated. An analytical model is developed 90 to predict the response of CFRP-strengthened specimens with bolted anchorage. The reliability and accuracy of 91 the proposed analytical procedure are then verified by comparing the analytical and experimental debonding load 92 of the CFRP-strengthened cantilevers provided in this paper. 93
Experiment program 94

Testing specimens 95
The geometry and reinforcement arrangement of the RC members are shown in Fig. 1 . The cross-section of 96 the RC beam-type cantilever specimens is 120 mm×150 mm, and the length is 600 mm. All specimens had a 97 clear span of 400 mm, and employed two deformed bars of diameter 10 mm as respective compression and 98 tension reinforcement. 10 mm diameter plain bar stirrups spaced at 100 mm were placed along the entire length 99 of the beam. The thickness of concrete cover at bottom was 25 mm, and 15 mm for both the side and top. The 100 beam-type cantilever sections were formed between two adjacent 10 mm wide artificial cracks up to the level of 101 tension reinforcement. CFRP U-anchors with height of 120 mm and width of 200 mm were used in another side 102 to guarantee the targeted failure mode. 103
As shown in Table 1 , l a , d a , n t represents the length, the horizontal distance of steel bolt center to the right 104 edge of inner artificial crack (or compression end of cantilever) and the number of steel bolt anchors, 105 respectively. Specimens were divided into four groups, namely La to Ld, in which Lc was the only group 106 anchored with two steel bolts ( Fig. 1 .c, n t =2) of same length l a but different distances d a , and Ld was the control 107 group with no anchorage. Each series contains two identical specimens. Each specimen was assigned a name that 108 consists of two letters and two numbers, e.g. La-50-1. The acronym designation adopted was as follows: the first 109 letter L designates beams, the following letter represents the group series, the first number appearing after that 110 corresponds to the steel bolt anchorage length, and the last number indicates series of specimens with the same 111 parameters. 112
Materials 113
The mean value of cubic compressive strength (f cu ) of three 150 mm concrete cubes was 31. were 241 GPa and 3696 MPa, respectively. Adhesive used for both CFRP laminate bonding and steel bolt 122 anchorage bonding was a thixotropic epoxy resin with elastic modulus and tensile strength being equal to 2.83 123
GPa and 52 MPa, respectively. 124
Specimen preparation 125
The following procedure was adopted for specimen preparation. Artificial cracks of 10 mm wide and of 126 height up to the centroid of tension reinforcement were made by two wood plates at casting to form a cantilever 127 on one side of the specimens. Special attention was paid to ensure that one stirrup was placed above the center of 128 cantilever section. The steel bolt system was furnished by preset holes using PVC tube with a diameter of 20 mm. 129
All specimens were extracted from the molds 24 hours after casting and then cured for 28 days. CFRP laminates 130
were then bonded to the bottom surface of the specimens in a wet-layup procedure after sandblasting, brushing 131 and cleaning of the concrete surface, which was done to guarantee an ideal bond between the CFRP laminate and 132 the concrete. One layer of CFRP U-anchorage with a height of 120 mm and a width of 200 mm was then bonded 133 to the non-cantilever side of the concrete beam in a similar procedure to avoid unexpected failure before the 134 failure of the cantilever. FRP fiber direction was indicated by dashed lines in Fig. 1 .b and 1.c. Steel bolts of 135 different lengths were inserted into the preset holes, followed by pouring in epoxy resin to form a bond between 136 the concrete and steel bolts. One or two 5 mm thick, 30 mm wide steel plate was pressed on the CFRP laminate 137 with steel nuts, as indicated in Fig. 1 .b or Fig. 1 .c. All the specimens were then placed in a room-temperature 138 environment for seven days for the adhesive curing before testing. 139
Testing apparatus 140
Three-point bending tests were carried out on all specimens with a shear span of 200 mm as indicated in Fig.  141 2. Two strain gauges were glued to the CFRP laminate ( Fig. 1) to measure its strain response. As shown in Fig. 2,  142 six strain gauges were attached to the tension steel bars with three strain gauges to each bar: one at each top of 143 the two artificial cracks and one in the middle of the two artificial cracks. Two strain gauges were located at the 144 middle of the stirrup above the cantilever section. The number "2" in the brackets of Fig. 2 refers to the label 145 designation of strain gauge on the opposite side. The deflection was measured by means of LVDTs placed at the 146 loading point and supports of the specimens, respectively. Specimens were tested monotonically until failure by 147 a load controlled hydraulic jack at a constant loading rate of 2 kN/min. 148
Results and discussions 149
Failure mode 150
As indicated in Fig. 3 , two types of failure modes were observed for all specimens: flexural failure of the 151 beam with（Mode I） and without（Mode II）full cantilever separation. During the loading procedure, the load 152 was maintained at different load levels to record the crack distribution and the crack tips were marked with 153 careful observation. The numbers with short solid line linking to the cracks in Fig. 3 indicate the load levels at 154 which the corresponding crack tip was observed. By this way, the crack distribution and development during the 155 test can be noted 156
As the load increased, a diagonal shear crack occurred from the outer tip of artificial crack, and then a 157 horizontal crack appeared and propagated along the level of the tension steel reinforcement, contributing to the 158 separation of the concrete cover. For specimens with steel bolt length less than 120 mm, the full separation of 159 cantilever was observed. For specimens with steel bolt length equal to 120 mm, no failure of cantilever occurred. 160
Finally, flexure failure was observed for all of the specimens, with concrete crushing after the yielding of tension 161 reinforcement. For specimens of group Lc, one diagonal shear crack initiated from the location of anchorage at 162 the last period of the loading process, which was not observed in other groups. No delamination was observed 163 between concrete and CFRP laminates during the whole loading process for all specimens. 164
Load-strain response 165
In order to clarify the failure mechanism of beam-type cantilevers with different numbers and sizes of steel 166 bolt anchorages, the typical load-strain relationships of some specimens are plotted in Fig. 4 . Some illogical 167 results were observed from the strain gauges' response such as the difference between strain gauges FRP-1 and 168 FRP-2 of the same specimen, the negative value (compressive strain) of some of the strain reads (mainly for 169 strain of stirrups), etc. The difference of the strain response of strain gauges of FRP-1 and FRP-2 may be 170 explained as follows: two separate CFRP strips instead of one CFRP strip were bonded to the soffit of cantilever 171 to leave the space for anchorage installation, as indicated in Fig. 1 , and stain gauges FRP-1 and FRP-2 were 172 attached on the respective CFRP strip. The two CFRP strips may not behave as monolithically as one strip and 173 therefore the outputs of strain gauges FRP-1 and FRP-2 differed from each other although they are in the same 174 session. Another important reason is to the reliability of the strain gauge measurement during the unbalance 175 event, yielding, cracking, etc., as also observed and explained by other researchers [43] [44] [45] . However, the 176 illogical values are only for very limited number of strain gauges and the following discussions can still be raised 177 regarding the general tendency of the strain response. 178
The strain of tension reinforcement and CFRP increased almost linearly with the load at the initial stage. 179
When a horizontal crack finally passed through the whole cantilever section, a sudden drop (knee point marked 180
by circle in Fig. 4) bolts, no full separation of cantilever was observed and therefore not listed in the figure. For the La-50 series, the 195 debonding load was lower than that of Ld-0, which may be attributed to the fact that short steel bolts could be 196 pulled out soon after the separation of the cantilever, leaving the pre-set holes weakening the tensile resistance of 197 the cantilever. This brings a concept of shortest anchorage, below which an adverse effect of anchorage is 198 possible. On the other hand, Lb and Lc series with anchorage lengths of 50 mm showed higher debonding loads 199 than that of Ld-0, which showed the effect of anchorage location and anchorage number as described below. 200
The effect of d a depends on the location of the steel bolt and the relationship between the steel bolts' pulling 201 out force and the load of full cantilever separation. Taking La-50 and Lb-50 for comparison, if the steel bolt was 202 pulled out before full cantilever separation, larger the d a , the greater the tensile force generated in the steel bolt, 203 leading to a faster pull-out failure of the steel bolt and a lower debonding load. On the other hand, for La-70 and 204
Lb-80, when the pull-out force of the steel bolt is greater than the full cantilever separation load, the steel bolt 205 can suppress the propagation of horizontal cracks and therefore a larger d a resulted in a higher failure load. For 206 group Lc-70, the debonding load was less than that of group La-70. This may be due to the appearance of 207 vertical cracks from the location of the inner anchors as shown in Fig. 3 .c, which actually separated one 208 cantilever into two adjacent cantilevers of small lengths. Generally, the multi-anchors in the same concrete tooth 209 showed no clear increased effect on full cantilever separation load. The above discussion can be further clarified 210 with the following analytical models. 211
Analytical model 212
The experimental observations suggest that the failure of the CFRP strengthened cantilevers with steel bolt 213 anchorage is controlled by two factors. The first factor is the initiation of cantilever separation and full 214 separation of cantilever, which is related to the materials, geometry, and location of the cantilever. Another 215 factor is the condition required to reach the pull-out failure of the steel bolts, which is related to the performance, 216 length, anchored number, and location of the steel bolts. Additionally, since the shear crack initiated before the 217 cantilever separation, the effect of the diagonal shear crack should be considered in the analytical model. 218
The pull-out modes of steel bolts 219
The pull-out modes of steel bolts based on the pull-out test could be divided into five cases [46] as shown in 220 For model (c), assuming the height of the concrete-cone is x, the pull-out force of one single steel bolt will 237 be: 238
Eq. 4 can be obtained by taking the derivative of Eq. 3, and the value is equal to 16.72 mm for the anchorage 241 system used in this study. However, considering the effect of the diagonal crack, the failure mode needs to be 242 modified. The failure surface of the steel bolt anchorage under the shearing crack is shown in Fig. 8 . The angle 243 between the shear diagonal crack and the cantilever end section is assumed to be 45°. 244 lower part to lead to stress redistribution along the anchorage and its surrounding concrete; 2. causing the loss of 247 the concrete cone resistance at the diagonal crack side, such that the anchorage pull-out strength is reduced. 248
Based on the basic modes (Fig. 7) , there are three different cases considering the effect of diagonal crack as 249 shown in Fig. 8 : 250
Case(a) If 2L <S cr -d a , the shear crack is far away from the embedment failure surface of steel bolt. 251 Therefore, the effect of the shear crack could be ignored and would not change the failure surface of the steel 252 bolt anchorage. The pull-out mode will be mode (a) when L< x (Fig. 8 (a. 1) ) or mode (c) when S cr -d a > x (Fig. 8  253   (a. 2) ). 254
because of the effect of the shear crack, only half of the original failure 255 surface was assumed to act, and the other half was the crack surface which had no resistance. Therefore, the pull-256 out mode of anchor will be mode (a) when L< x (Fig.8 (b. 1) ) or mode (c) when S cr -d a > x (Fig.8 (b. 2) ) and the 257 force is taken to 0.5P as a reduction; 258 Case(c) If S cr -d a < L, the embedded anchorage was divided to two parts. For the lower part, it follows the 259 same rule as case (b), and thus the concrete below the shear crack will fail by mode (a/c). For the upper part, it 260 will forms a half-cone: the side (close to the tensile end of cantilever) of the steel bolt fails by mode (b), and the 261 other side will be failed still by mode (a) L < S cr -d a + x (Fig.8 (c. 1) ) or mode (c) when L > S cr -d a + x (Fig.8 (c.  262 2)). Similarly, only a half of the upper half cone surface was considered to be effective. 263
Full cantilever separation mode with steel bolts 264
The anchor's effect on the onset of the shear crack is ignored, meaning the anchor takes effect only after the 265 start of the shear crack. The effective bond length of anchor L for resisting the pull-out force generated by the 266 tension force of external reinforcement is l a -h 0 . 267
As shown in Fig. 9 , a signal concrete tooth actually performs as a deep cantilever, which means adopting 268 the plain assumption is not appropriate anymore. However, considering the convenience and popular use of the 269 plain assumption in practical design, assumption of linear strain distribution is still used in the present model, 
Considering the effect of the anchor before and after the full cantilever separation, the sectional analysis is 274 as follows: 275
The concrete tensile stress generated at point A ( Ac  ) before full cantilever separation is:
The anchor tensile stress generated at the interface is: 278
where σ fB , t f , and b f are the tensile stress of thickness and width of the CFRP at point B, respectively. I a0 and x a0 281 are the moment of inertia of a cantilever without anchorage in terms of concrete and the neutral axis depth before 282 cantilever separation, respectively. I a2 and x a2 are the moment of inertia of an anchored cantilever in terms of 283 concrete and the neutral axis depth after cantilever separation, respectively. 284
The concrete tensile stress generated at point A ( Ac  ) when cantilever fully separated is:
where f tl is the tensile strength of concrete considering the effect of shear stress at the fracture surface; γ is the 287 coefficient of deep beam effect; I a1 and x a1 are the moment of inertia of an anchored cantilever in terms of 288 concrete and the neutral axis depth before cantilever separation, respectively. The cantilever is actually subjected 289 to a combined shear and tensile (compressive) stress. For a cantilever without anchorage, According to the 290 Mohr-Coulomb criterion: 291
where τ is the shear strength of concrete, and could be derived from f cu . 293
According to Eqs.5-8, the tension stress of CFRP at point B could be derived as: 294
According to Eq.6, for specimens with steel bolt anchorage, the CFRP tensile stress generated at point B 296
when the anchor is pulled out (σ a =P a /A a ) is 297
If σ fB1 ≥σ fB2 , the anchorage will be pulled out right after the initiation of cantilever separation, and the cantilever 299 top section stiffness is actually decreased. In this case, I a1 and x a1 in Eq. 10 should be modified to I a1 ' and x a1 ' 300 based on the weakened section and the corresponding σ fB1 is changed to: 301
Fig. 10 presents the proposed calculation procedure. There are three cases for the cantilever depending on 303 the value of σ fB1 , σ fB1 ', σ fB2 , corresponding to respective possible failure of the anchored cantilever. 304
After obtaining σ fB1 , σ fB1 ', σ fB2 , the following criterions are adopted to determine the failure modes and 305 maximum strain of CFRP laminate at point B (σ fB,max ): 306
(1) For specimens without anchorage (l a -h 0 >0), σ fB,max =σ fB1 ; 307 (2) For specimens with anchorage (l a -h 0 >0), the anchorage is pulled out after the initiation of cantilever 308 separation and the following two possible failure modes are: 309 (a) If σ fB1 ≥σ fB2 , the anchorage is pulled out right after the initiation of cantilever separation, σ fB,max =σ fB1 '. 310 (b) If σ fB2 >σ fB1 , the anchorage can still contribute after the initiation of cantilever separation, and the full 311 cantilever separation is determined by the pull-out strength of the steel bolt, σ fB,max =σ fB2 . 312
Knowing the maximum stress of CFRP laminate at a given cross-section, the load for full cantilever 313 separation can then be determined as: 314 (Group Lc), a similar procedure was adopted with consideration of the location and depth of each anchor. 318
The predicted full cantilever separation loads (debonding loads) are listed in Table 2 . To examine the 319 applicability of the proposed models to predict cantilever separation, the calculated full cantilever separation 320 load is compared with the experimental results as shown in Fig. 11 . For CFRP strengthened RC structures with 321 end steel bolt anchorage, the mean value of the ratio between the calculated and experimental full cantilever 322 separation loads (P exp /P cal ) is 1.03, with a deviation of 0.027. The proposed model closely predicts the effects of 323 various parameters such as the dimensions of the steel bolts and the material properties. 324
Parametric studies of anchored cantilever 325
Based on the proposed analytical model, the full separation load of the cantilever with different concrete 326 strength and geometry could be calculated. The beam-type cantilever used for parametric analysis follows the 327 same setup as the specimen in the previous experimental sessions. Fig. 12 presents the analytical results for 328 specimens without anchorage (Fig. 12.a and 12 .b) and with anchorage ( Fig. 12.c) to illustrate the effect of 329 cantilever strength and geometry (height and width) and the effect of steel bolt on its full separation load. As 330 shown in the Fig. 12.a and 12 .b, the full separation load increases with the concrete compressive strength, which 331 is attributed to the fact that the full separation of cantilever was actually governed by the tensile and shear 332 strength of concrete. Moreover, the full separation load of cantilever increases with width of cantilever while 333 decreases with height of cantilever, which indicates the positive effect of moment of inertia (proportional to 334 cantilever width) and negative effect of the arm of force (proportional to cantilever height) of the cantilever. Fig  335   14 .c shows the predicted full separation loads for specimens with different length and location of the steel 336 anchorage. With larger l a and d a , the full separation load of the cantilever generally becomes bigger. However, 337 when the steel bolt is too short (l a ≤60 mm) and pulled out soon after the initiation of separation of cantilever, a 338 larger d a will result in a smaller full separation load. The weakened concrete section due to pull out of steel bolt 339 has more negative effect to the full separation load when it has larger distance to the compressive end 
